Secondary metabolite (SM) production and development are correlated processes in fungi that are often coordinated by pleiotropic regulators. The eukaryotic regulators are critical players in mediating SM production related to fungal development, yet little data are available to support this hypothesis. In this study, a global regulator, RsdA (regulation of secondary metabolism and development), was identified through genome-wide analysis and deletion of the regulator gene in the endophytic fungus Pestalotiopsis fici. Here, we established that RsdA regulation of SMs is accompanied by the repression of asexual development. Deletion of rsdA significantly reduces not only asexual development, resulting in low sporulation and abnormal conidia, but also the major SM production, while remarkably increasing the melanin production. Overproduction of melanin leads to the formation of unusual, heavily pigmented hyphae. Transcriptome analysis data provide the evidence that RsdA globally regulates genes involved in secondary metabolism and asexual development. Double deletion of rsdA and the melanin polyketide synthase gene PfmaE confirm that RsdA regulation of asexual development is independent of the melanin biosynthetic pathway. Finally, our results demonstrate that RsdA can be used for the discovery of secondary metabolites in filamentous fungi.
Introduction
The fungal kingdom is remarkable for the production of several sporulation stages, derived both meiotically and mitotically and coupled with the production of bioactive molecules, commonly referred to as secondary metabolites (SMs). Endophytic fungi, for example, the genus Pestalotiopsis, have been important sources of new and diverse structures, which contributed to drug discovery (Clardy and Walsh, 2004; Yang et al., 2012) . However, differentiation and secondary metabolism in endophytic fungi are less studied and characterized at the genetic level, and genetic insight is a key element in effectively deciphering the potential of these fungi for the production of new SMs. Fungal development and SM synthesis have been particularly linked together with the discovery of the velvet complex, a conserved fungal heteromeric nuclear complex, notably allowing sexual development concurrently with the synthesis of a subset of SMs (Bayram et al., 2008; Wiemann et al., 2010) .
Many debates have centred around the costs and benefits of sexual/asexual development and SM synthesis in fungi. Experimental studies have provided evidence for reproduction and chemical shifts in response to selective pressure. For example, in Aspergillus flavus, a quorum sensing-like system links a low population density with sexual development and one set of SMs (e.g., aflatoxin), whereas a high population density favours asexual reproduction and a different set of SMs (Brown et al., 2009) . Mutations in two velvet complex members, LaeA and VeA, disturb the density-dependent response and lock the fungus in low population responses (overexpression of either protein) or high population responses (deletion of either protein) (Amaike and Keller, 2009 ). Stress responses have been linked to increased aflatoxin production in Aspergillus parasiticus (Chang, 2008; Roze et al., 2011) . Although climatic stress has been linked to sexual development in a subset of dark-pigmented fungi (Grishkan et al., 2003) , Schoustra et al. (2010) have found a fitness-associated cost to sexual reproduction in A. nidulans in a fit environment, for example, the ability to contribute to subsequent generations. A number of recent studies have definitively shown that SM production is associated with an increased fungal fitness in confrontations with insects where both LaeA and AflR [C6 transcription factor responsible for aflatoxin synthesis in aspergilli (Chang et al., 1995; Bok and Keller, 2004) ] are required for the protection from fungivores (Rohlfs et al., 2007; Trienens et al., 2010; Staaden et al., 2011; Zhang et al., 2017) . These findings, coupled with observations of a decreased asexual potential in the endophytic fungus Pestalotiopsis fici with a csnE deletion (Zheng et al., 2017a,b) , led us to examine the hypothesis that an inverse relationship exists between extremes of SM synthesis and asexual development in fungi.
Pestalotiopsis fici, as a well-isolated species, is rich in secondary metabolites. Up to now, the fungus has provided more than 80 novel chemical structures, which implies that there may be many regulatory factors for secondary metabolism in P. fici. Our earlier studies have identified a number of regulatory factors affecting P. fici development and secondary metabolites (Wang et al., 2015a,b; Wu et al., 2016; Zhang et al., 2017) . In addition, here, we discovered a new global regulator, RsdA, which very likely mediates both morphological and chemical development in fungi. Deletion of rsdA in P. fici resulted in distinguishable morphological changes, including irregular spores, blackened hyphae and disappeared acervuli and affected production of SMs. A thorough transcriptomic analysis in the rsdA deletion mutant revealed that the expression levels of more than half of all genes in the genome showed significant variations and, most importantly, indicated that black hyphae could be related to the published PfmaE 1,8-dihydroxynaphthalene (DHN)-melanin mechanism (Zhang et al., 2017) . Ultimately, we propose that the evolutionarily conserved RsdA protein, mediating fungal secondary metabolism, has a detrimental impact on fungal development.
Results

Identification of RsdA and sequence analysis
To find a broad regulator controlling SM production, we conducted genome-wide analysis of regulators involved in the SM production and induced deletions in the metabolite-rich fungus P. fici (Wang et al., 2015b) . Using this approach, we have previously identified several regulators, such as the histone methyltransferase PfCclA and deacetylase PfHdaA, in P. fici, leading to the discovery of numerous novel metabolites (Wu et al., 2016) . Surprisingly, deletion of an uncharacterized protein PFICI_10532, which contains a putative topoisomerase II-associated protein (PAT1) domain (Supporting Information Fig. S5 ), resulted in remarkable phenotype changes, with growth reduction and pigmentation in conidia and hyphae, suggesting a changed chemical profile ( Fig. 2A  (e, f ) ). Hence after, we named PFICI_10532 as RsdA: regulation of secondary metabolism and development. To thoroughly investigate its potential roles in fungal development and secondary metabolism, bioinformatics analysis of RsdA was first conducted using an NCBI BLAST search. Homologues of RsdA were found in a broad range of ascomycetes (Fig. 1) . A phylogenetic tree of RsdA provided sufficient sequence information for the analysis of conserved domains and motifs (Fig. 1) . However, no reported function was found, except for the putative PAT1 domain at the N-terminus of RsdA (Supporting Information Fig. S5 ), which indicated that it was a new functional protein. The protein in P. fici consisted of 730 amino acids encoded by 2779 nucleotides, with three putative introns and a possible Aspergillus nidulans homologue of this protein (AN4699) has just been reported, but no clear function was described (Pfannenstiel et al., 2017) . Collectively, these results show that RsdA is a new conserved regulator in fungi.
RsdA is necessary for normal growth and development
To elucidate the role of RsdA regulation in fungal development, we created an rsdA knockout strain (ΔrsdA), an rsdA-complemented (ΔrsdA c ) deletion mutant and an rsdA overexpression (OE) strain using the A. nidulans constitutive promoter gpdA(p) in the wild-type (WT) background. Disruption of rsdA significantly reduced the growth, and the mutant produced almost no conidia compared to their production in the P. fici WT, ΔrsdA c and OE::rsdA strains ( Fig. 2A-C) . Normally, conidia of P. fici have five specialized cells with three median concolorous cells (Maharachchikumbura et al., 2011) . However, few conidia were observed in the ΔrsdA strain compared to WT (Fig. 2B) , while the number of conidia slightly decreased in the OE::rsdA strain (Fig. 2B) . Meanwhile, abnormal conidial morphology was observed in the ΔrsdA strain, e.g., four median concolorous cells in 5-celled conidia and/or 4-celled conidial forms with two median concolorous cells [ Fig. 2A(g) ]. This morphology of conidia was also detected in the rsdA-complemented strain [ Fig. 2A(k) ]. Remarkably, the hyphal diameter in the rsdA deletion strain was much larger than that in the P. fici WT, OE::rsdA and ΔrsdA c strains and the hyphae were black-pigmented in the ΔrsdA strain [ Fig. 2A (d, h, l, p) ]. Therefore, our results demonstrate that RsdA plays important roles in the conidia formation and regulation of melanin synthesis in the endophytic fungus. Further, the black pigment accumulation in the ΔrsdA strain suggests that the chemical profile was possibly changed by this mutation.
Deletion of rsdA results in significant changes in the secondary metabolite profile Thus, we next examined the influence of RsdA on the metabolite production in P. fici. The four strains, P. fici WT, ΔrsdA, ΔrsdA c and OE::rsdA, were cultivated on PDA plates and then extracted by the isolation procedure (Materials and Methods). HPLC analysis of the crude extracts indicated that the chemical profile greatly changed in the rsdA deletion mutant, with a large number of peaks reduced and new peaks appeared compared with those in WT. Obviously, the production of three metabolites, asperpentyn (6), ficiolide A (7) and chloroisosulochrin (9), significantly decreased in the ΔrsdA strain ( Fig. 3A and B) . The three compounds were quantified using previously isolated standards (Wu et al., 2016) . Subsequently, we focused on the new peaks and performed large-scale fermentation, followed by isolation and structural elucidation of the peaks by LC-MS and their identification by NMR analysis. Six known compounds (1-5 and 8) were isolated from the rsdA deletion mutant, and compound 2, a non-ribosomal peptide, was isolated from P. fici for the first time (Fig. 3B ). It should be noted that melanin was accumulated in the mycelium and PDA medium at very large amounts [ Fig. 2 (e, f )], which suggested upregulation of the melanin biosynthetic pathway. In contrast, pestheic acid (10), a basic building block for a group of structurally diverse compounds, was completely abolished (Fig. 3A) . To summarize, deletion of rsdA results in significant differences in secondary metabolites.
Transcriptome analysis reveals a global role of RsdA in fungal secondary metabolism and development
To probe how RsdA regulates fungal development and SMs, we performed transcriptome (RNA-seq) analysis of the WT and ΔrsdA strains. In total, 14 844 unique transcripts were detected. Differential gene expression analysis was determined between these two strains when the average reads of the corresponding transcripts differed with an adjusted P value <0.05. A total of 3747 differentially expressed genes (DEGs) were found by comparing the transcriptomes of the ΔrsdA and WT strains. Among the DEGs, 1258 genes were upregulated (log 2 Foldchange > 2), and 2489 genes were downregulated (log 2-Foldchange < −2). Based on available annotations or similarities to characterized proteins from other organisms, the DEGs were assigned to 14 functional categories of KEGG (Fig. 4A ). Functional category analysis was also carried out by determining Gene Ontology (GO) terms, and we determined mRNA levels of these genes (Supporting Information Fig. S6 ). We found a higher proportion of DEGs in the class of metabolic pathways and biosynthesis of secondary metabolites, which suggests that RsdA affects secondary metabolism (Fig. 4A) . Indeed, the expression levels of 44 backbone genes of 76 biosynthetic gene clusters (BGCs) were altered, among which expression of 21 backbone genes of 44 BGCs changed significantly (log 2 Foldchange > 2.0 or < −2.0 and adjusted P < 0.05). Consistent with the chemical analysis data (Fig. 3A ), 14 backbone genes involved in the biosynthesis of SMs (Fig. 4B ) were downregulated in the ΔrsdA strain, including the previously identified pestheic acid (pta) gene (Xu et al., 2014) (Supporting Information Fig. S7) . Surprisingly, the BGC of melanin synthesis (Pfma) was greatly upregulated (Supporting Information Fig. S8 ). Subsequently, we analysed key genes involved in the fungal asexual development, such as abaA, brlA, flbB and nosA (Park and Yu, 2012) , and found that the expression of most of the genes was downregulated in the rsdA deletion mutant, according to the transcriptome analysis (Fig. 4C) . Accordingly, RsdA seems to reduce the growth and asexual development and to increase the accumulation of melanin in P. fici. The RNA-Seq results were concordant with the observed phenotypes.
RsdA regulation of fungal development is independent of DHN-melanin accumulation
To clarify the relationship between melanin production and fungal development, we deleted rsdA in a polyketide synthase (PKS) deletion strain, ΔPfmaE, to create a double mutant, ΔPfmaEΔrsdA. Previously, deletion of PfmaE abolished the melanin production and led to incomplete cell walls in conidia of P. fici (Zhang et al., 2017) . The double ΔPfmaEΔrsdA mutant showed a similar growth rate with that of the rsdA mutant (Fig. 5A ). Morphological observations showed that conidial numbers were significantly reduced in both single and double deletion mutants (Supporting Information Fig. S10 ). Conidia of the double mutant were colourless, same as those of the ΔPfmaE strain. This demonstrated that removal of melanin was able to recover the phenotype of the ΔrsdA strain, suggesting a dominant role of RsdA in this process. Subsequently, we assessed the expression levels of Pfma cluster genes, PfmaD, E, F, G and H, in the ΔrsdA and ΔPfmaEΔrsdA strains by RNA-seq analysis. All 5 genes, PfmaD, E, F, G and H, of the Pfma cluster exhibited significantly high expression in the ΔrsdA strain. Four genes, PfmaD, F, G and H, of the Pfma cluster exhibited significantly high expression in the PfmaE/ rsdA double mutant (Fig. 5B) . These results showed that RsdA negatively regulated the DHN-melanin pathway.
To examine whether DHN-melanin affects the fungal development, the expression levels of eight genes, flbB, brlA, vosA, velB, wetA, stuA, nosA and pro41, which are involved in the fungal development, as well as those of some regulators, were evaluated from the RNA-seq data of the ΔrsdA and ΔPfmaEΔrsdA strains (Supporting Information Fig. S11A and B) . All of these genes, except velB, shared the same trends between the two mutants. The results indicated that these genes had similar expression levels, demonstrating that they were not affected by the DHN melanin pathway. We also evaluated the expression levels of backbone genes involved in the SM synthesis by transcriptome analysis (Supporting Information Fig. S11C ). As expected, 24 BGC genes (| log 2 Foldchange| > 2 in the two mutants), including 11 upregulated and 10 downregulated genes, exhibited similar tendencies in the ΔrsdA and ΔPfmaEΔrsdA strains, which suggested that RsdA regulated SMs independently of melanin accumulation.
Discussion
In the fungal kingdom, genetic regulators play important roles in fungal growth, development and secondary metabolism through a variety of ways. Therefore, discovery of new regulators is of great value for understanding the fungal metabolic regulation, growth and development; Fig. 3 . RsdA globally regulates secondary metabolism. A. HPLC analysis of secondary metabolite production with different mutants. The strains were grown on PDA media for 7 days. B. Compounds isolated from ΔrsdA strain. Compounds 1-5 and 8 were newly identified in ΔrsdA but not in WT. Compounds 6, 7, 9, 10 were characterized previously. C. Relative amounts of compounds 6, 7, 9 and 10 in ΔrsdA, ΔrsdA C and OE:rsdA strains compared to WT. Data were analysed using the GraphPad Instate software package according to the Tukey-Kramer multiple comparison test at P < 0.05. Mean values with asterisks are significant, P < 0.001 with three asterisks. [Color figure can be viewed at wileyonlinelibrary.com] such discovery also opens a new approach to discovering new active SMs. Pestalotiopsis is a well-studied genus of endophytic fungi, which produce a wide array of natural products, notably including Taxol, with pronounced biological activities (Yang et al., 2012) . P. fici in this genus is a well-isolated species, which has provided more than 80 novel chemical structures, including unique skeletons, chloropupukeananin, chloropupukeanone A and chloropestolide A, identified by Che and coworkers (Liu et al., 2008 (Liu et al., , 2009 (Liu et al., , 2013 . Owing to its SM-producing capacity and unique ecological role, the genome of this fungus was sequenced (Wang et al., 2015b) . Bioinformatic analysis of the P. fici genome sequence identified 76 biosynthetic gene clusters (BGCs) encoding potential SM pathways, many more than the number of compound types that had already been identified. Our previous Fig. 4 . Transcriptome analysis reveals RsdA regulation on genes involving in the secondary metabolism and asexual development. A. KEGG analysis of RsdA deletion and the parent strain. Gene with P < 0.05 were used for categorization. B. RsdA regulation on backbone genes involving in SM biosynthetic clusters from RNAseq data. Gene expression levels changed significantly were selected. Relative expressions of secondary metabolite genes were analysed. Normalized log 2 foldchange of expression genes were derived from transcriptomes of three independent biological replicates. C. Expression of sporulation genes from RNA-seq data in ΔrsdA compared to WT strains. The cutoff was set P < 0.05 for all analysis genes. [Color figure can be viewed at wileyonlinelibrary.com] studies have identified a number of regulatory factors that affect P. fici growth, leading to finding novel SMs (Wang et al., 2015a,b; Wu et al., 2016; Zhang et al., 2017) .
In this study, genome mining and transcriptome analysis of P. fici suggested the existence of a suite of putative regulators that are related to fungal development and secondary metabolism. One of them, RsdA, was shown to be associated with outstanding morphological changes ( Fig. 2A) , such as decreased conidiospore and acervulus formation, production of black hyphae, as well as significant pigmentation, which suggested that RsdA was very likely a global regulator. A BLASTP search indicated that RsdA existed in a vast majority of ascomycetes, with no clear functional domains defined (Fig. 1) . These findings caused our interest in the identification and development of this regulator, which could allow finding novel natural products for drug development. Driven by this motivation, we deleted, overexpressed and genetically complemented this gene and analysed chemical changes between WT and the mutants. In combination with transcriptome analysis of the rsdA deletion mutant, we found that a number of genes were regulated by RsdA. Remarkably, 37.6% DEGs (log 2 Foldchange > 1 or < −1) were found in the rsdA mutant compared with WT (Supporting Information Table S4 ), including genes involved in the fungal development and secondary metabolism. Remarkably, 57.9% of biosynthetic gene clusters and at least 12 key regulators related to asexual development were regulated by RsdA (Fig. 4B and C) . Considering that there were a few abnormal phenotypic traits in the rsdAcomplemented mutant compared with WT, we measured the expression levels of rsdA in both strains by quantitative real-time PCR (qRT-PCR) (Supporting Information  Fig. S12 ). The results indicated that the expression level of rsdA was higher in WT than in the complemented strain, suggesting that the mutation was not fully complemented in the latter. However, the dominant role of RsdA regulation in the secondary metabolism and development was not affected, based on our chemical analysis and transcriptome data. All of the above results confirm the global roles of RsdA in fungal development and secondary metabolism. Recently, an A. flavus transcriptome study (Wu et al., 2017) has shown that WetA is also involved in vegetative growth and feedback control of asexual development, while VosA is known as the key regulator of spore viability and other developmental processes; therefore, we examined their expression levels in the ΔrsdA mutant. Since the expression of both PfwetA and PfvosA was reduced in the rsdA knockout strain and PfmaE/rsdA double mutant strain, we propose that RsdA plays an important role in the regulation of WetA and VosA (Fig. 6) .
To identify the metabolites regulated by RsdA, we carried out large-scale fermentation of the rsdA mutant and characterized the structures of metabolites with unique peaks (Fig. 3) . Six unique compounds were identified, including a non-ribosomal peptide (Fig. 3) . Because of the obvious pigment formation in ΔrsdA plates, we specifically examined the expression levels of pfma cluster RsdA is proposed as an upstream regulator for the regulation of sporulation, mycelial morphology as well as secondary metabolite production. The proposed regulatory network for RsdA is based on the transcriptome data and referred from Aspergillus regulatory network (Park and Yu, 2012) . [Color figure can be viewed at wileyonlinelibrary.com] genes, which are in charge of DHN melanin biosynthesis in P. fici. The expression levels of all selected cluster genes were significantly upregulated by the deletion of rsdA and double deletions of rsdA/PfmaE (Fig. 5B and Supporting Information Fig. S8) . Furthermore, few conidia were observed in the ΔrsdA and ΔrsdAΔPfmaE mutants. Based on the transcriptome analysis of the ΔrsdA and ΔrsdAΔPfmaE strains, eight genes involved in the fungal development exhibited similar expression levels (Supporting Information Fig. S11A ), indicating that RsdA regulation of fungal development is independent of melanin production.
Considering that asexual sporulation is the most common reproductive mode in many filamentous fungi, while melanin production contributes to the virulence of human pathogens and the pigment enhances fungal resistance to environmental damage, the global regulator RsdA is certainly a key regulator mediating fungal secondary metabolism and development (Fig. 6 ) for fungal adaptation to the environment. In conclusion, we identified a new global regulator RsdA that is ubiquitous in the filamentous fungi. Our results provide not only a new approach for the discovery of bioactive secondary metabolites but also for the study of fungal development related to secondary metabolism.
Experimental procedures
Strain, media and culture conditions
The fungal strains used in this study are listed in Supporting Information Table 1 . Pestalotiopsis fici CGMCC3.15140 and transformants were grown at 25 C on Potato Dextrose Agar (PDA) or Potato Dextrose Broth (PDB) with appropriate antibiotics as required. And they were maintained in 33% glycerol stocks at −80 C.
Escherichia coli strain DH5ɑ was propagated in LuriaBertani (LB) medium with appropriate antibiotics for the corresponding resistance markers on the plasmid DNA. For DNA assembly manipulation in yeast, Saccharomyces cerevisiae strain BJ5464-NpgA (MATɑ ura3-52 his3-Δ200 leu2-Δ1 trp1 pep4::HIS3 prv1Δ1.6R can1 GAL) was used as the host and grown on Yeast Extract Peptone Dextrose Medium (YPD). Transformation and selection methods were described in Wu et al. (2016) .
In Silico analysis of RsdA and its orthologs
The amino acid sequence of RsdA from P.fici was used as the query for a BLAST analysis (Johnson et al., 2008) at the website of www.blast.ncbi.nlm.nih.gov/Blast.cgi using the blastp algorithm searching the nonredundant protein sequences database. The phylogenetic tree was conducted with the Neighbour-Joining method based on ClustalW multiple alignments. Relative distance of the orthologous proteins was calculated and modified using the Interactive Tree of Life (ITOL) at http://itol.embl.de/.
Gene cloning, plasmid construction and genetic manipulation
Plasmids and the oligonucleotide sequences are listed in Supporting Information Tables 2 and 3 , respectively. PCR amplification was carried out using the TransStart ® FastPfu DNA polymerase (Transgene Biotech) on a T100™ Thermal cycler (Bio-Rad). Screening PCRs after transformation were performed by 2 × Taq Mix kit (TIANGEN BIOTECH).
The deletion cassette of rsdA was constructed via a yeast recombination strategy as described previously (Wu et al., 2016) to give plasmid pYXW18. Briefly, the selected marker gene hygromycin B was amplified from pUCH2-8. Around 1 kb upstream and downstream fragments of the gene rsdA were amplified from P. fici genomic DNA using the designed primers (Supporting Information Table S2 ). Then, the three PCR fragments and the linearized vector were transformed into yeast and then assembled. For complementary vector construction, rsdA coding region with 1 kb promoter upstream and 0.5 kb downstream was amplified from P. fici genomic DNA using primer pairs 10532PT-F, 10532PT-R and inserted into SpeI-SacI site of binary vector pBlunt-G418 to create the plasmid pYHC1.1 (Supporting Information Table S3 ). To construct rsdA overexpression strains, rsdA coding region with 0.5 kb downstream terminator was amplified from P. fici genomic DNA using primers 10532QC-OE-F and 10532QC-OE-R. The PCR fragment was inserted into pAg1-H3-gpdA which contained the gpdA promoter using Quick-Change method to create the plasmid pYHC2.1 (Supporting Information Table S3 ). To generate the cassette for the double deletion of rsdA and PfmaE, a 1.2 kb upstream and a 1.1 kb downstream fragments of rsdA were amplified from P. fici genomic DNA, respectively. Meanwhile, the selection marker gene G418 was amplified from the vector pBlunt-G418. Then, the three figments were combined by Fusion PCR (Szewczyk et al., 2006) . For the creation of deletion strains of rsdA, the deletion cassette was amplified from the template pYXW18 using primers K rsdA_5F-F and K rsdA_3F-R. Then, the cassette was transformed into the P. fici as described previously (Wu et al., 2016) . Hygromycin B resistant colonies were selected after culturing on PDA at 25 C for 5 days. The disruption mutants were verified by diagnostic PCR with the designated primers (Supporting Information Table S1 ). To get the rsdA complementary (ΔrsdA C ) strain in the ΔrsdA background, plasmid pYHC1.1 containing rsdA with its own promoter and terminator was transformed into TYHC3.1 via the same method as described above. For constructing the rsdA overexpression (OE::rsdA) strains, pYHC2.1 was transformed into the P. fici. For obtaining the double mutant strains of ΔrsdAΔPfmaE, the fusion PCR products of rsdA were transformed into the ΔPfmaE mutant as described previously (Zhang et al., 2017) . The transformants were selected in the plates containing hygromycin B and G418 and all transformants were confirmed by diagnostic PCR with designated primers (Supporting Information Table S2 , Figs S1-S4 ).
Morphology analysis of rsdA mutants P. fici WT and rsdA mutants were grown at 25 C on PDA for 4 days with appropriate antibiotics as required. Radial growth was assayed by measuring the diameter of pointincubation every day. Then, conidia, hypha and acervulus from WT and mutants were observed using a stereomicroscope (LAIKA company) and an optical microscope (Olympus CH-BI45-7, Tokyo, Japan), respectively. Each experiment was conducted by three biological replicates.
For statistical analyses, the data was analysed using the GraphPad Instate software package, version 5.01 (GraphPad software Inc) according to the Tukey-Kramer multiple comparison test at P < 0.05. Mean values with asterisks are statistically significant.
Conidia counting in different strains
P. fici and its transformants were grown at 25 C on PDA (90 mm plate) about 2 weeks. Three replicates were performed for each culture. Then, we used ddH 2 O with 0.1% tween to flush the plates repeatedly, and removed the hyphae and impurities after miracloth. The filtrate containing conidia was centrifuged and concentrated into 2 ml volume. And the number of conidia from different mutants and WT were determined by blood cell counting plate. Values are means of three replicates for each culture. Data were analysed using the GraphPad Instate software package, version 5.01 (GraphPad Software) according to the Tukey-Kramer multiple comparison test at P < 0.05. Mean values with asterisks are significant.
Secondary metabolite analysis among different rsdA strains
For quantification of compounds regulated by rsdA, WT, ΔrsdA, ΔrsdA C and OE::rsdA strains were grown on PDA media at 25 C for 7 days. Secondary metabolites were extracted and assessed by HPLC analysis. Briefly, PDA medium with the hyphae was cut into small pieces and transferred to 100 ml cone bottle. The plugs were extracted with 25 ml methanol/ethyl acetate/acetic acid (10:89:1, MEA) with 1 h sonication at room temperature. The extracts were then evaporated in vacuo to yield a residue, and dissolved in MeOH to the final concentrations of 1 mg/ ml. Ten microlitre extract was injected for HPLC analysis (Wang et al., 2015a) . Analytical HPLC was conducted with a Waters HPLC system (Waters e2695, Waters2998, Photodiode Array Detector) using an ODS column (C18, 250 × 4.6 mm, YMC pak, 5 μm) with a flow rate of 1 ml/min. Fresh extracts were dissolved in MeOH before separated on a linear gradient of MeOH:H 2 O (0.1% formic acid) at a flow rate of 1 ml/min. Fresh extracts from rsdA mutant strains were detected for 30 min using a linear gradient of 20%-100% (0-20 min), 100% MeOH (20-25 min), 20% MeOH (25.01-30 min). The targeted peaks in HPLC fingerprint were pointed out by comparing retention time with corresponding standard samples.
Characterization of new peaks from rsdA mutant
For purification of compounds, ΔrsdA mutant was cultured on PDA (10 l) media under static conditions at 25 C. After 7 days of cultivation, the culture was extracted for three times with ethyl acetate. The organic phase was evaporated to dryness under reduced pressure to afford the residue (3.3 g). The crude residue was applied on a C-18 ODS column using a stepped gradient elution of MeOH-H 2 O yielding 20 subfractions (fractions 1.1-10.2). The fraction 2.1 and 2.2 (181.4 mg in total), fraction 3.2 (83.7 mg), fraction 5.2 and 6.1 (91.6 mg in total) were further purified by semi-preparative HPLC. Six new peaks compared to the extracts from WT were isolated, which included compound 1 (fraction 2, 1.5 mg), compound 2 (fraction 2, 2 mg), compound 3 (fraction 2, 5.8 mg), compound 4 (fraction 3, 3 mg), compound 5 (fraction 2, 2.9 mg) and compound 8 (fraction 5, 2.5 mg). 1 H NMR spectra in this study were obtained on a Bruker Avance III 500 spectrometer (500 MHz). Methanol-d 4 was used as the solvent for compound 1-6. The six compounds have been reported as known compounds in previous studies (Lee et al., 1995; Kim et al., 2003; Dashti et al., 2014) .
Transcriptome analysis by RNA-seq and quantitative real-time PCR (RT-PCR) P. fici WT and mutant strains were cultivated on PDA at 25 C for 7 days. Three replicates were performed for each strain. Total RNAs from the mycelia of WT, ΔrsdA and ΔrsdAΔPfmaE mutants were extracted by the TranZol™ kit (Transgen Biotech, China) . Then the quality of RNA was checked in a nucleotide analyser Quawell Q3000 (Quawell). For RNA-seq analysis, RNA examples were sequenced on Illumina Hiseq X Ten platform using (2× 150 bp) paired-end module after disposed at the Vazyme Biotech Co., Ltd. The clean reads were mapped to the reference sequence by HISZT2, and the HTSeqcount was used to calculate the mapped reads number. After using Cuffmerge program to merge transcripts of each sample in different materials into a single gtf file that was used to identify differentially expressed genes (Vazyme Biotech Co., Ltd). The differentially expressed genes were calculated by DESeq2 and identified with P value and log 2 foldchange/ratio between WT and ΔrsdA simples. In addition, we used an automated assignment against protein domain databases KEGG (Ogata et al., 1999) . And the Gene Ontology (GO) terms were extracted and plotted to three functional categories: biological process, cellular component and molecular function according to the GO database (http:// geneontology.org/). Here, KEGG and GO analysis were followed by a hypergeometric distribution analysis and a false discovery rate (FDR) method to yield an adjusted P value (P = 0.05 as a threshold value). The redundant terms were subsequently removed and got the final significantly enriched KEGG/GO terms. Meanwhile, we have used the Quantitative real-time PCR (qRT-PCR) to analyse the expression level of rsdA in ΔrsdA C mutant. Total RNA extraction methods were used as described above. First, the single strand cDNA was synthesized by the Fast Quant RT Kit (Tiangen Biotech, China) according to the manufacture's protocol. qRT-PCR was conducted using a CFX96 Real-Time System (Bio Rad). KAPA SYBR FAST qPCR Kit was used for the reactions (2 × KAPA SYBR FAST qRCP Master Mix: 10 μl, 10 μM forward/reverse Primer: 0.4 μl, Template cDNA: 1 μl, Water to 20 μl). Reaction conditions were conducted at 95 C for 3 min followed by 40 cycle of [95 C for 3 s, 60 Cfor 20 s, 72 C for 20 s].
This was followed by one cycle of 65 C for 5 s and 95 C for holding to calculate the disassociation curves. Each cDNA sample was performed in triplicate and the average threshold cycle was calculated. Relative expression levels were calculated using the 2 -ΔΔCt method. qRT-PCR primers were designed in Supporting Information Table S2 .
